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Extracellular DNA (eDNA) is the result of bacteria releasing their intercellular 
DNA into the surrounding environment. eDNA then could function as a component for 
biofilm formation, horizontal gene transfer and genetic transformation. This study 
attempts to positively correlate the mechanism of actively secreting eDNA from a live 
and intact cell in Bacillus subtilis to an evolutionary advantageous behavior for individual 
cells and populations. Our study propagates a gene-level selection experiment in order to 
build a hierarchy of highly evolved mutants that either secretes more or less amounts of 
eDNA. Our analysis included monitoring bacteria growth, isolating and quantifying 
eDNA, and selecting for the highest or lowest secreting eDNA replicate. Our results 
confirm that the existence of eDNA could be explained by understanding bacterial 
behavior and the persistence of our selected trait of eDNA secretion amongst mutants in 
an evolution selection experiment. Future exploration is competition assay in conjunction 
with this selection experiment.  
Introduction  
Section 1.1 eDNA  
Extracellular DNA (eDNA) is the result of bacteria releasing intracellular DNA 
into the surrounding environment. eDNA was first discovered as free unknown DNA in 
halophile slime-layers1, biofilm structures2, and liquid cultures of Bacillus subtilis3. Since 
then, eDNA has been identified in diverse ecosystems ranging from the upper layers of 
soil4 to marine sediments5. The evolutionary function of eDNA in bacteria is linked to 
                                                        
1 Catlin, B. W. (1956). Extracellular deoxyribonucleic acid of bacteria and a deoxyribonuclease inhibitor. Science 124, 441 442. 
2 Spoering AL, Gilmore MS (2006) Quorum sensing and DNA release in bacterial biofilms. Curr Opin Microbiol 9:133–137. 
doi:10.1016/j.mib.2006.02.004 
3 Takahashi, I. (1962). Genetic transformation of Bacillus subtilis by extracellular DNA. Biochem Biophys Res Commun 7, 467–470. 
4 Dell’Anno A, Danovaro R (2005) Extracellular DNA plays a key role in deep-sea ecosystem functioning. Science (NY) 309:2179.  
doi:10.1126/science.1117475 
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horizontal gene transfer (HGT) for the purpose of genetic recombination and genetic 
transformation.2,6 Natural genetic transformation is a process in which eDNA is actively 
uptaken and heritable incorporated into a bacteria’s genome.7 Natural genetic 
transformation provides a means for acquiring nutrients and increase genetic diversity 
through recombination8,9 Both processes require the physiological state of competence in 
bacterial cells to permit the uptake of eDNA and yield evolutionarily favorable 
properties.10. The assimilation of an external DNA from another cell alters the genotype 
and phenotype of an individual and gradually a given population.11 Free-floating DNA in 
the environment is from two possible mechanisms, self-induced autolysis12 or active 
secretion form a live and intact bacteria cell. B. subtilis and Pseudomonas stutzeri are 
example of those bacteria that secrete DNA as an intact viable cell and furthermore the 
secreted DNA was found to be the primary material for transformation as appose to 
autolysis.13   
The knowledge concerning the mechanism and physiology of how bacteria 
secrete DNA gives little to no insight into the evolutionary benefits of natural 
                                                                                                                                                                     
5 Niemeyer J, Gessler F (2002) Determination of free DNA in soils. J Plant Nutr Soil Sci 165:121–124. doi:10.1002/1522-
2624(200204)165:2<121:Aid Jpln1111121>3.0.Co;2-X 
 
6 Catlin, B. W. (1960). Transformation of Neisseria meningitidis by deoxyribonucleates from cells and from culture slime. J Bacteriol 
79, 579–590. 
 
7 Lorenz, M. G. & Wackernagel, W. (1994). Bacterial gene-transfer by natural genetic-transformation in the environment. Microbiol 
Rev 58, 563–602. 
 
8 Redfield RJ. (2001) Do bacteria have sex? Nat. Rev. Genet. 2, 634–639. (doi:10.1038/35084593) 
 
9 Redfield RJ. (1993) Genes for breakfast: the haveyour-cake-and-eat-it-too of bacterial transformation. J. Hered. 84, 400–404. 
 
10 Torti, A., Lever, M. A. & Jørgensen, B. B. (2015).  Origin, dynamics, and implications of extracellular DNA pools in marine 
sediments. Marine Genomics 24, 185–196  
 
11 Reece, Jane B. and Campbell, Neil A. "Unit Three Genetics." Campbell Biology. 9th ed. Boston: Benjamin Cummings, 2014. 305-
06. Print 
 
12 Lorenz, M. G., Gerjets, D. & Wackernagel, W. (1991). Release of transforming plasmid and chromosomal DNA from two 
cultured soil bacteria. Arch Microbiol 156, 319–326. 
 
13 Stewart, G. J., Carlson, C. A. & Ingraham, J. L. (1983). Evidence for an active role of donor cells in natural transformation of 
Pseudomonas stutzeri. J Bacteriol 156, 30-35. 
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transformation (Redfield 2010, 634–639). An evolutionary approach is to question why 
individual bacteria secrete DNA then question if this behavior is advantageous to a 
population based on its complement to transformation and its ability to facilitate an 
efficient exchange of alleles14 To understand the significance of this trait a selection 
experiment could be performed for a gene-level trait. This study experimentally 
challenges the theoretical selection paper DNA secretion and gene-level selection in 
bacteria by Turner & Draghi, 2006 in which they produce a mathematical model that 
argues that secretion of genetic material in a transforming population could lead to a 
novel variant of gene-level natural selection (selective conversion) that acts 
independently of selection on organisms and populations and could maintain the DNA 
secretion phenotype in bacterial populations.15 In order to test this DNA secretion 
selection experiment, the first step is establishing a growth curve to monitor how bacteria 
respond in size, mass, and replication to our media and what variables physical (temp or 
nutritional (carbon source) induce secretion. The second step is to isolate and quantify 
eDNA from bacteria as a live intact cell in order to select for the DNA secretion trait. 
Theoretically, by selecting for the highest eDNA replicate there should be an increase 
trend for secretion as shown in Figure 1. Third, the CFU/OD600 ratio is a tool to 
distinguish between live vs. dead cells in the growth curves and to understand phenotypic 
mutations. Once all these steps are combined our selection experiment can proceed.   
                                                        
14 14 Draghi, Jeremy A., and Paul E. Turner. "DNA secretion and gene-level selection in bacteria." Microbiology 152.9 (2006): 2683-
2688.5 
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Figure 1. Depicts the process for our selection experiment. Hierarchy trend for 
selecting for either highest secreting DNA replicate (red) or lowest secreting replicate 
(green).  
Section 1.2 Growth Curves  
 
Growth curves monitor the increase in bacteria cell size, mass, and replication 
over time. Growth is affected by physical (pH and temperature) and nutritional variables 
(carbon, nitrogen, sulfur). The turbidity of broth cultures is representative of the 
combination of viable and/or dead cells. In a growth curve, 4 phases represent the 
behavior of bacteria overtime: lag, exponential, stationary, and death phase. Lag phase is 
the initial growth where the bacteria begin to adjust and adapt to the new environment. 
The bacteria increase in size but do not replicate yet thus there is no apparent increase in 
cell mass. In exponential phase bacteria grow and divide exponentially due to the 
increase in metabolic activity that allows for binary fission at a constant rate. The number 
of generations can be found by taking the number of bacteria growth exponentially and 
by dividing two. The generation time is defined as the time taken by the bacteria to 
double in number. In stationary phase bacteria populations grow but all the nutrients in 
the growth medium rapidly diminish due to the rapid replication. The reproduction rate 
slows down and cell death is equal to cell division thus bacterium division stops. Finally, 
 8 
death phase is the loss of nutrients due to the accumulation of metabolic waste, dead 
cells, and toxic materials. Bacteria lose ability to reproduce and die at a constant rate 
resulting in the number of dead cells exceeding the number of living cells16.   
 
Figure 2. Shows how growth phases for bacteria cells change over time: lag, exponential, 
stationary, and death phases. Each phase is a behavioral interaction between bacteria and 
physical and nutrition variables. (Adapted from Pearson Education, Inc. 2006) 
 
Section 1. 3 CFU/OD600 
 
Uv-Vis spectroscopy is a preferred technique to scientist because it’s fast, non-
invasive to bacteria cultures, and can function to monitor the concentration of bacterial 
cultures. Thus the concentration of cells in a suspension is estimated by optical density 
(OD) and bacteria cultures are usually measured at the absorbance of 600nm (OD600). 
Although Uv-Vis spectroscopy is accurate in depicting cell density the concentration of 
cells still needs to be confirmed by plate count. The reason for pairing Uv-Vis 
                                                        
16 16 ,17Objectives: Bacterial Growth Curve (Theory): Microbiology Virtual Lab I : Biotechnology and Biomedical Engineering : 
Amrita Vishwa Vidyapeetham Virtual Lab Available at: http://vlab.amrita.edu/?sub=3&brch=73&sim=1105&cnt=1. 
Vorkapic, D., Pressler, K. & Schild, S. Multifaceted roles of extracellular DNA in bacterial physiology. Current Genetics 62, 71–79 
(2015).  
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spectroscopy with (CFU) is to distinguish and combine the quantification of live and 
dead cells. Thus we do a ratio of CFU/OD600 for our eDNA quantification.17  
 
Methods: Bacillus subtilis grown in LB Broth 
 
Section 2.1.1 Growth Curve Protocol  
 
 
 
 
 
 
 
 
 
For the growth curve in Figure 8, I made a 1:100 dilution of bacteria to 3mL LB 
Broth from B. subtilis ancestor glycerol stock. The media was placed in a pre-autoclaved 
glass falcon tube and grow overnight in New Brunswick Scientific Excella E24 Incubator 
Shaker Series at temperature of 37°C and shaking at 220 rpm. Check absorbance. From 
the overnight bacteria culture make 1:100 dilutions into 6 new replicates. 3uL of the 
overnight bacteria was placed into 3mL LB Broth for 6 separate in pre-autoclaved glass 
falcon tubes. Next I supplemented each replicate with a 1:1000 dilution of 
                                                        
17 Measurement of Microbial Cells by Optical Density. Available at: 
http://www.bing.com/cr?IG=8E618A0B9AB340B78C1180868B29FF3F&CID=2C6947272EA9640009FB4D502F396508&rd=
1&h=QIvjPQ1BClu8pzL8N-ht8_KgA3dkaPHaR 
29mUYoZnM&v=1&r=http%3a%2f%2fwww.microbiologynetwork.com%2fcontent%2fJVT_2011_v17n1_Measurement-of 
Microbial-Cells-by-Optical-Density.pdf&p=DevEx,5061.1. (Accessed: 3rd May 2017) 
Ancestor Bacillus subtilis Glycerol Stock  
• Labeled: B. subtilis M.G [10.4.12]  
• Location: General Chemistry RKC Room 126 
So-low Ultra Low -80°C Freezer JAIN LAB 3rd 
Drawer B.subtilis box. 
LB Broth Recipe  
• DifcoTM LB Broth Lennox   5 grams 
• dH2O     250 mL  
Autoclaved Labeled  
1:100 dilution LB Broth Protocol  
• LB Broth    3 mL 
• Chloramphenicol (5mg/mL stock) 3 uL 
• Inoculated bacteria culture  30 uL 
Incubated T 37°C RPM: 220  
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chloramphenicol antibiotic (5mg/uL). Then I measured the initial UV-Vis absorbance at 
600nm for each replicate using the Thermo Scientific NanoDrop One/Onec UV-Vis 
Spectrophotometer machine using LB-Broth without bacteria as blank. Finally place 
them in the shaker and with a blank and measure absorbance every 2 hours. 
Section 2.1.2 eDNA Quantification: Ethanol Precipitation  
 
Replicates were vortex after growth and 400 uL of bacteria was transferring into 
1.5mL plastic centrifuge tubes. Using an Eppendorf centrifuge replicates were spun for 
20 minutes at 0°C and 14000 rpm. After centrifuge 380uL of supernatant was removed 
and transfer into new 1.5 plastic centrifuge tubes while discarding old cells. Then 38uL 
cold NaOAc and1045uL cold 95% ethanol was added for a total volume of 1463uL. 
Vortex. Next replicates were placed in a Dry ice/acetone bath for 1 hour till precipitation 
occurred. Next they replicates were centrifuge for 30 minutes with same parameters. The 
supernatant was decanted and removed leaving behind white precipitate. The precipitate 
was re-suspend in 50uL of dH2O and transfer into new tube for UV-Vis eDNA 
quantification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Section 2.1.3  CFU/OD600 Protocol for  
 
DAY 1: Inoculation  
Ethanol Precipitation Protocol  
• Supernatant   380 uL 
• 3M Sodium Acetate    0.1 volumes Supernatant 
• 95% Ethanol   2.5 volumes SuperN+NaAOc) 
Total volume of 1463 uL  
 
Ethanol Precipitation Recipe 
• Supernatant   380 uL 
• 3M Sodium Acetate   38   uL  
• 95% Ethanol   1045 uL 
Total volume of 1463 uL  
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From the glycerol freezer stock of “Transfer 1 (ancestor strain)”, “Transfer 8”, 
and “Transfer16” a 1:100 dilution was made into autoclaved glass falcon tubes with 3mL 
of LB Broth for each strain with a blank: “Transfer 1 (ancestral)”, “Transfer 8”, 
“Transfer16”; & “Blank”. Next I incubate the 4 tubes in the New Brunswick Scientific 
Excella E24 Incubator Shaker Series at temperature 30°C, with shaking at 220 rpm. 21 
LB agar plates with supplemented with 1:1000 of Chloramphenicol (5mg/mL stock) 
antibiotic. 
DAY 2: Serial Dilutions  
The following day the blank and transfers were checked for contaminations 
(color, smell change). Then a final UV-Vis absorbance at 600nm was for each transfer. 
Then in a 96-well plate I added 50uL of LB Broth into 7 wells. Next I followed the 
dilution steps below. Then I plated 20uL of dilution (-5, -6, and -7) from the above 
dilutions onto LB agar plate. Then sterile glass beads were used to spread the bacteria 
evenly on the plate. Finally the plates were incubated at 30°C for 24 hours in the Fisher 
Scientific Isotemp Incubator. 
 
Dilute 50 uL of the OV bacterial culture into 50 uL of LB (dilution -1) (0); Take UV-Vis 
OD600nm  
Dilute 50 uL of the previous dilution into 50 uL of LB (dilution -2) (1/2); Take UV-Vis 
OD600nm  
Dilute 50 uL of the previous dilution into 50 uL of LB (dilution -3) (1/4); Take UV-Vis 
OD600nm  
Dilute 50 uL of the previous dilution into 50 uL of LB (dilution -4) (1/16); Take UV-Vis 
OD600nm 
Dilute 50 uL of the previous dilution into 50 uL of LB (dilution -5) (1/32); Take UV-Vis 
OD600nm 
Dilute 50 uL of the previous dilution into 50 uL of LB (dilution -6) (1/64); Take UV-Vis 
OD600nm  
 
Dilute 50 uL of the previous dilution into 50 uL of LB (dilution -7) (1/128); Take UV-Vis 
OD600nm  
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DAY 3 Estimate population size for each strain 
After 24 hours the plates were counted using a number clicker and a sharpie. The 
colony forming units (CFU) on each plate was recorded. Finally the density of CFU in 
the original culture from each dilution was estimated by back calculating from the 
graphed ratio of CFU/OD600.  
  Section 2.1.4.  Methods: Bacillus subtilis Grown in DM1000 
Davis-Mingioli (DM1000) Recipe18 
Section 2.2.1 Growth Curve Bacillus subtilis Grown in DM1000 
For the growth curve in Figure 14, I made a 1:100 dilution of bacteria to 3mL 
DM1000 from B. subtilis ancestor glycerol stock. The media was placed in a pre-
autoclaved glass falcon tube and an OD6000 measurement was taken roughly every 6 
hours for a total of 50 hours. The bacteria were grown in New Brunswick Scientific 
Excella E24 Incubator Shaker Series at temperature of 37°C and shaking at 220 rpm. At 
                                                        
18 Barrick Lab :: ProtocolsRecipesDavisMingioli. Barrick Lab :: ProtocolsRecipesDavisMingioli Available at: 
http://barricklab.org/twiki/bin/view/Lab/ProtocolsRecipesDavisMingioli. (Accessed: 3rd May 2017) 
Ancestor Bacillus subtilis Glycerol Stock  
• Labeled: B. subtilis M.G [10.4.12]  
• Location: General Chemistry RKC Room 126 
So-low Ultra Low -80°C Freezer JAIN LAB 3rd 
Drawer B.subtilis box. 
Davis-Mingioli (DM1000) Recipe 
• Potassium Phosphate (dibasic) K2HPO4    5.3 grams 
• Potassium Phosphate (monobasic) KH2PO4           2 grams 
• Ammonium Sulfate (NH4)2 SO4        1 gram  
• Sodium Citrate (trisodium, dihydrate) Na3C6H5O7 (H2O)2         0.5 gram  
• dH2O     1L  
Autoclave   
Supplement with 0.010% [glucose] (w/v) 
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around 40 hours I made a new 1:100 dilution of the ancestor glycerol stock into new 
DM1000 and it was grown with the same parameters. This new 1:100 dilution of bacteria 
was grown for 20 hours with measurements of OD600 taken roughly every three hours.  
Methods: eDNA Quantification: Isopropanol Precipitations Controls 
 
Section 2.2.2 Isopropanol Preciptation 1:100 dilution of B.subtilis ancestor glycerol 
stock was placed in 3mL DM1000 and grown for 36 hours with 30C and shaking at 220 
rpm until reaching a final OD600 of 0.72 at temperature. Due to the relative small 
absorbance at 0.72 for 36 hours of incubation [Figure 14 shows absorbance ~2 for 36 
hour incubation] I let them grow more. So they were placed back into the incubator 
reaching 48 hours and finally ending with an OD600 of 0.92. From there, the 3 samples 
were made: I made two replicates of adding 400uL of bacteria, spun them down 
(centrifuge 14,000rpm), and took 380uL of supernatant and discarded the cells. I then 
supplemented Thymus DNA (20ug/mL) to the controls of supernatant and regular 
DM1000 without bacteria. The other supernatant replicate was not supplemented with 
Thymus DNA. All 3 samples were then subjected to the Isopropanol Precipitation 
protocol below and a re-suspended in 50uL deionized H2O.  
Samples 
(1) “Isopropanol Precipitation” 380uL of supernatant without cells was not supplemented 
with Thymus DNA .  
(2) “Supernatant”: 380uL supernatant without cells was supplemented with Thymus 
DNA (20 ug/mL) then subjected to the isopropanol precipitation recipe below. 
(3) “DM1000”: 380uL of DM1000 was supplemented with Thymus DNA (20ug/mL) 
then subjected to the isopropanol precipitation recipe below.  
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Methods: eDNA Quantification: DAPI Fluorescence  
Section 2.2.3 DAPI Fluorescence The protocol for eDNA quantification using 
DAPI Fluorescence was adopted from the following lab handout.19 The Photon 
Technology Inc. (PTI) spectrofluorophotometer was used for the Fluorescence spectra. 
The instrument was turned, the lamp was ignited, and the modules were switched on. 
Next the software FelixGX on the desktop in the Chemistry basement was opened. The 
Instrument setting and parameters were adjust below: 
 
 
 
 
 
 
 
DAPI Fluorescence with supernatant and Thymus DNA control. 
 
1. An initial emission scan was taken with DM1000. 
 
2. To a dried and clean quartz cuvette, 2600μL of the 2.5 X 10-7 M DAPI solution was 
added. The cuvette was placed in the sample holder while keeping the excitation shutter 
closed. Then I opened the shutter and took an emission scan. Once complete, I closed the 
shutter and saved my data as “Free DAPI” 
3. Next, mode to time-based measurements. I set duration to 3600 seconds and Points/Sec 
= 1. Set Emission wavelength = 480 nm. I pressed the start button and took a 
measurement for 20 seconds. Closed the shutter.  
                                                        
19 J. Chem. Ed. article: Healy, E. (2007) “Quantitative Determination of DNA-Ligand binding using Fluorescence Spectroscopy” J. 
Chem Ed. 84, 1304-1307. 
Fluorimeter Settings: Setup Acquisition 1 Settings (EmissionScan) 
Excitation Slits: 5nm  (set manually)   
Emission Slits: 5nm    (set manually)  
Excitation λ= 350 nm   
Emission Scan Range  λ= 400nm – 550 nm   
Step size=1nm 
Integration= 0.1 sec 
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4. I added 10 μL of Thymus DNA (80ug/mL) directly to the cuvette, placed the stopper 
and inverted three times mix. Then I placed the cuvette in the sample holder and let the 
sample stand for EXACTLY 1 minute. Opened the shutter and record the fluorescence 
for 20 sec. Closed the shutter.  
5. I repeated step 4 but instead with the supernatant (without cells) of a B. subtilis 
overnight (~24h) 1:100 dilution replicate grown in DM1000.  
6. I took a final emission scan. 
 
Results and Discussion: Bacillus subtilis in LB Broth 
 
Section 3.1.1  Growth Curve: Bacillus subtilis in LB Broth 
The first step in the selection experiment is establishing a growth curve to monitor the 
increase in cell size, mass, and replication over time to understand how the bacteria is 
affected by physical (pH, temperature) and nutritional factors (carbon, nitrogen).20 
Figure 8 is the growth for B. subtilis cells in the nutrient rich medium, LB Broth and 
shows the 3 different growth phases: (1) lag (2) exponential and (3) stationary (4) death 
phase (not included). B. subtilis adapts, grows, and saturates at early stationary phase 
(~6h) indicating competence (physiological state that permits the uptake of eDNA) is 
reached in LB Broth. Figure 9 shows a link between eDNA release and early competence 
for undomesticated B. subtilis 3610 strains in minimal medium (MSgg): 5 mM phosphate 
buffer pH 7, 0.1 M MOPS pH 7, 5 mM FeCl3, 2 mM MgCl2, 0.7 mM CaCl2, 50 mM 
MnCl2, 1 mM ZnCl2, 2 mM thiamine, 50 mg ml21 Phe, 50 mg ml21 Trp, 50 mg ml21 
                                                        
20 Textbooks: Bacterial Growth Curve (Reference) : Microbiology Virtual Lab I : Biotechnology and Biomedical Engineering : Amrita 
Vishwa Vidyapeetham Virtual Lab Available at: http://vlab.amrita.edu/?sub=3&brch=73&sim=1105&cnt=6. (Accessed: 3rd May 
2017) 
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Thr, 0.5% glycerol and 0.5% glutamate.21 The peak for eDNA release (~5ug/mL) 
correlates to the absorbance at 600nm of (~1) at 6 hours, implying that eDNA release is 
dependent on early stationary phase of the growth curve. Comparing growth curves of 
Figure 8 & 9 allows us to know that B. subtilis release the most amount of eDNA 
(ng/uL) at early stationary phase at 6 hours. Thus we can conduct our selection 
experiment by growing our 6 replicates for 6hour incubation followed by eDNA 
quantification via ethanol precipitation. The largest amount of eDNA (ng/uL) was 
released at early competence stage due the evolutionary function of eDNA as a 
component for horizontal gene transfer (HGT)22. Bacteria can uptake the free released 
eDNA in the supernatant for genetic recombination and transformation. The uptake and 
retention of DNA occurs only in physiologically competent and transformable strains of 
B. subtilis23. Since eDNA is only uptaken by competent population that go through 
physiological changes in their cell wall composition, cell surface, and cell membrane 
morphology it makes sense that the high absorbance at 600nm (~1) populations 
representative of these physiologically competent and transformative population. 
 
 
 
 
 
 
 
                                                        
21 Zafra, O., Lamprecht-Grandío, M., Figueras, C. G. D. & González-Pastor, J. E. Extracellular DNA Release by Undomesticated 
Bacillus subtilis Is Regulated by Early Competence. PLoS ONE 7, (2012). 
22 Catlin, B. W. (1960). Transformation of Neisseria meningitidis by deoxyribonucleates from cells and from culture slime. J Bacteriol 
79, 579–590. 
23 Sinha, R. P. & Iyer, V. N. (1971). Competence for genetic transformation and the release of DNA from Bacillus subtilis. 
Biochim Biophys Acta 232, 61–71.  
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Figure 8. Growth curve of B.subtilis ancestor strain; grown in LB Broth. The replicate 
was incubated at 37°C with centrifugal shaking at 220 rpm for >8h. Absorbance at 600nm 
was taken every 2h. This growth curve shows the three growth phases: lag, exponential, 
and stationary phase. Death phase was excluded due to early competence reached at 6h.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. eDNA release and absorbance 600nm correlation overtime in undomesticated 
B. subtilis 3610. A bacteria culture was grown in minimal medium (MSgg) at 37°C with 
aeration. A600 refers to the absorbance of the culture at 600 nm, and eDNA refers to the 
eDNA concentration (ug/mL) in the culture supernatant (Adapted from Zafra et al. 2012).  
 
Section 3.1.2 eDNA Quantification using ethanol precipitation  
 
The second process in this selection experiment is the quantification of eDNA, which 
enables selection of either highest or lowest secreting replicate. Figure 10 confirms 
eDNA can be successfully isolated and quantified from B. subtilis supernatant (LB broth 
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media without cells) using the Ethanol precipitation protocol in (Methods 2.1.2). Our 
selection experiment quantifies eDNA by taking the ratio of (eDNA/OD600) to better 
represent eDNA secretion as a function of total population of bacteria. The growth curve 
in Figure 8 not only indicates that the most eDNA is released at early stationary phase 
(~6h) but also that eDNA is being actively secreted from live intact cells. Emphasis is 
placed on isolating secreted eDNA at early stationary growth phase because 
contaminations (intracellular DNA, proteins, and carbohydrates) can skew the selection 
experiment. If replicates are left in incubator past early stationary phase >6h the 
population starts to reach death phase where nutrients become limited due to rapid 
multiplication and population revert to self-lysis.  
 Figure 10. UV/Vis data confirms the presence of eDNA. Six curves shown here 
represent six different replicates in transfer 8 step.  
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Section 3.1.3 CFU/OD600 
 The third process in our selection experiment is to analyze the CFU/OD600 ratio 
in order to distinguish between live and dead bacteria cells. The issue with the use of 
(OD600) in eDNA secretion quantification (eDNA/OD600) is that the bacterial optical 
density is a combination of live and dead cells. Changes in the ratio over different 
transfers could be indicative of mutations that are the reason for variation in the number 
of live vs. dead cells. In one study done by (Manoharan et al., 2015) the plant pathogen 
Pseudomonas syringae pv. phaseolicola (Pph) was screened through in vitro genetics to 
look for changes in motility, colony formation, and adhesion, which became proxies for 
infection, micro-colony formation and cell adhesion. The phenotypic screening for the 
bacteria to interact with plants in swarming, colony size (cell wall), and biofilm 
formation was used to identify mutants with altered phenotypes.24 Figure 11 shows that 
the CFU/OD600 (slope) of the ancestor strain is much higher than the slopes obtained for 
transfer 8 and 16. This means that there are more live cells in Ancestor strain than 
transfer 8 and 16.  For transfer 8 and 16, the unchanged slope implies there is no 
significant phenotypic mutation like cell shape and size that is affecting our eDNA 
quantification ratio for eDNA/OD600. Another comparison could be made between the 
slope of B. subtilis ancestor strain and transfer 8 and 16 in Figure 11. The difference 
coincides with how the ancestor strain starts as an un-mutated genotypic and phenotypic 
state before the selection experiment. But after the selection experiment begins, ratios of 
transfer 8 (high eDNA/OD600) and transfer 16 (low eDNA/OD600) in Figure 12 
indicate significant phenotypic mutation. The ancestor strain has more live cells at a 
                                                        
24 Manoharan, B., Neale, H. C., Hancock, J. T., Jackson, R. W. & Arnold, D. L. The Identification of Genes Important in 
Pseudomonas syringae pv. phaseolicola Plant Colonisation Using In Vitro Screening of Transposon Libraries. Plos One 10, 
(2015). 
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smaller OD600 value while the mutated transfer 8 and 16 have a significantly larger 
absorbance accounting for less live cells. This may indicate that the mutation of bacteria 
secreting more eDNA/OD600 is having a negative effect on the living cells. 
 
Figure 11. CFU/uL vs. OD600 of highest eDNA/OD600 replicate of ancestor, transfer 8 
and 16 glycerol stocks. Dilutions for absorbance and plate streaking was made for all 
species. Each colony was counted using a sharpie and number puncher.  
 
 
Section 3.1.4 Selection Experiment  
 
The fourth and final step is the combination of all methods: growth curve, ethanol 
precipitation, and CFU/OD600 for the eDNA secretion selection experiment. Figure 12 
depicts the average eDNA (ng/uL)/final OD600 (eDNA/OD600) for all 6 replicates in 
each transfer. The ancestor strain (Transfer 1) has the highest ratio of eDNA/OD600 due 
to a difference in protocol. The precipitated eDNA was resuspended in 10 L of dH2O 
instead of 50 L resulting in a more concentrated eDNA sample. But this data cannot be 
excluded from the selection experiment as the transfer 2 replicates came from the highest 
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replicate in transfer 1. It is likely that we could adjust the volume to fix the dilution 
problem by take 1/5th of eDNA/OD600 for transfer 1 but this might assume the true 
concentration. From Figure 11 ancestor strain slope and CFU/OD600 deviation from 
transfer 8 and 16 show that maybe transfer 1 is still secreting larger amounts of 
eDNA(ng/uL) than other transfers because it has not mutated yet. Thus the transfer 1 data 
cannot be excluded or counted. Besides for transfer 1 and 2, Figure 12 shows an 
increasing trend in eDNA/OD600 from transfer 3 to 8 than a general decreasing trend 
from transfer 9 to 16. These results are interesting in support of our hypothesis that gene-
level selecting secretion of eDNA can be positively correlated to an increase in 
eDNA/OD600 average for each transfer until transfer 8.  
 
Figure 12. Previous study of highest eDNA(ng/uL)/OD600 replicate of Bacillus subtilis 
in Luria-Bertani (LB) broth. There is a positive increasing trend of eDNA/OD600 per 
each transfer until transfer 8 where we then see a decrease. This could be due to the 
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overexpression of the eDNA secretion trait that it becomes bad for the population due to a 
decline in high secreting mutant genotypes. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Overview of combining all techniques used: growth curve, eDNA isolation 
and quantification, CFU/OD600 to make one transfer for the selection experiment. This 
represents the action done in DM1000 but it is the same process for LB broth except 
isolation technique (isopropanol for DM1000 and ethanol precipitation for LB broth)  
 
 Section 3.2.1 Results and Discussion Bacillus subtilis in DM1000 
 
We carried out measurements of Bacillus subtilis growth and eDNA quantification in 
DM1000 medium instead of LB Broth. DM1000 media is preferred for a selection 
experiment because the clear liquid makes eDNA quantification simple and 
contaminations noticeable that could effect data.  The only supplemented carbon source 
in DM1000 is 0.01% glucose, which allows for nutrient controllability in comparison to 
LB Broth, which is a dense and rich medium.  However, bacteria in DM1000 take a 
longer time to grow and to find B. subtilis competence in media like in Figure 8. The 
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growth curves leads to problems in finding the correct correlation between bacteria 
competence and the most isolated eDNA release for solation and quantification. The pro 
in using medias to perform this selection experiment for eDNA secretion that the trend in 
LB Broth is also observable in a single-source medium like DM1000. The nutrient rich 
LB broth could be argued as having too many nutrients. 
Section 3.2.2 Growth Curve: Bacillus subtilis Grown in DM1000  
Figure 14 The same B. subtilis ancestor strain was used for LB Broth selection 
experiment but instead the media is DM1000 and eDNA isolation and quantification is 
from Isopropanol precipitation. The B.subtilis ancestor strain reached stationary phase in 
DM1000 at ~40h, growth took longer for the bacteria to reach competence stage in 
DM1000 because the single carbon food source, glucose, is a limited nutrient and 
selective pressure.  It will take longer for the bacteria to grow in DM1000 because it is 
more competitive for them to survive and replicate exponentially as compared to the LB 
broth medium. The limited nutrient source also hinders the social behaviors and 
interactions like transformation, recombination, or HGT B. subtilis had in LB Broth. All 
those social behaviors require free DNA so the competition of bacteria to uptake the little 
concentration of eDNA floating in the media might be the root of not successfully 
isolating and quantifying eDNA in DM1000.  
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Figure 14. Growth curve of Ancestor strain of Bacillus subtilis in Davis-Mingioli 
(DM1000) media supplemented with 0.01% glucose w/v. Stationary Competence phase 
for Ancestor glycerol stock at (~40h) while stationary competence for the 1:100 dilution 
glycerol stock was reached at (~12h).  
 
Section 3.2.3 eDNA Quantification: Isopropanol Precipitation in DM1000 
 
An Isopropanol precipitation protocol25 has replaced the ethanol precipitation 
technique used for the selection experiment done in LB Broth. The ethanol precipitation 
technique failed to isolate pure eDNA in DM1000 from B. subtilis. DNA purity is 
indicated by A260/280 ratio of ~ 1.8 while impure samples contain a ratio lower than 1.7 
indicating protein contamination or a phenol or organic peak at 230 nm26. Figure 15 tests 
the Isopropanol Precipitation protocol with two controls supplemented with Thymus 
DNA (20ug/mL). The first control is “DM1000” media without bacteria and the second is 
                                                        
25 Lever, M. A. et al. A modular method for the extraction of DNA and RNA, and the separation of DNA pools from diverse 
environmental sample types. Frontiers in Microbiology 6, (2015). 
26 J. Chem. Ed. article: Healy, E. (2007) “Quantitative Determination of DNA-Ligand binding using Fluorescence Spectroscopy” J. 
Chem Ed. 84, 1304-1307.  
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“Supernatant” which is a replicate of the “Isopropanol Precipitation”. Both the 
“Supernatant” and “Isopropanol Precipitation” came from the same overnight B. subtilis 
sample grown in DM1000 for (~48h) based on of the growth curve in Figure 14. The 
isopropanol precipitation of ancestor strain had an A260/280nm ratio of 0.93, the 
supernatant control that was supplemented with DNA had an A260/280nm ratio of 1.95 
and the last control of DM1000 supplemented with DNA had a A260/280nm ratio of 
2.05. The A260/280 of 1.95 is the closes to the most pure DNA yield stemming from the 
supernatant control replicate. But from Figure 15 the DNA peak for the supernatant 
control is not robust or not trustable to be larger amounts of DNA because the absorbance 
at 260nm is not profound. Now, if you compared the “isopropanol precipitation” sample 
the purity is low and impure at 0.93 but the peak at 260nm is more reliable as a DNA 
peak from Figure 15. The results of “isopropanol precipitation” yielding better DNA 
isolation indicates the new isopropanol has potential as an tool for eDNA isolation and 
quantification for the selection experiment in DM1000 but efficiency in isolating eDNA 
needs to be increased.  
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Figure 15. DNA purity and isolation comparison of the new Isopropanol Precipitation 
protocol on two controls supplemented with Thymus DNA (20ug/mL). The supernatant 
and “Isopropanol Precipitation” sample had extreme differences in DNA peak curvature 
and purity.  
 
 
Section 3.2.4 eDNA Quantification: DAPI Fluorescence  
 
Figure 16 compares DAPI Fluorescence interaction of a control water sample 
supplemented with Thymus DNA (80ug/mL) vs. a supernatant sample that contains 
eDNA. The supernatant sample was grown as a 1:100 dilution in new DM1000 from an 
ancestor B. subtilis strain (~12h).  The bacteria sample was taken out of incubation at 
early stationary phase (~12h) based on the Figure 14 growth curve, which indicates 
competence to the medium.  The Thymus and supernatant samples both show a 
displacement in wavelength (shift from ~490 free DAPI to ~450nm) and height, 
compared free DAPI in the fluorescence emission Figure 16. This shift is supported by 
the occurance of DAPI/dsDNA complex to shift (~500nm versus ~460nm) and the 
quantum yield to height. The implication to DAPI fluorescence binding to eDNA in 
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supernatant gives hope that DAPI Fluorescence could be utilized as eDNA quantification 
tool for the B.subtilis selection experiment in DM1000.  
 
 
Figure 16. DAPI fluorescence controlled experiment for diluted Thymus DNA 
(80ug/mL), DM1000 supernatant without cells, and free DAPI. Measurements. The 
wavelength shift from (~500nm versus ~460nm) and height difference from free DAPI 
indicates the presence and combination of DNA.  
 
 
Future Study 
Section 4.1 Competition assay  
 
My question is if there is an evolutionary advantage (fitness) in transformation for 
artificially selected eDNA secreting mutants? By increasing the amount of free eDNA is 
there a fitness advantage if the bacteria are introduced to a new medium. This research 
question is relevant because the study of the secretion of extracellular DNA and its 
relationship with a transforming population is an evolution approach to understanding 
how bacterial population behave and reproduce in order to survive. Do bacteria selfishly 
secrete eDNA for an individual benefit does the overall future generations benefit? In 
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terms of transformation, a mathematical model shows that it may confer a fitness 
advantage in changing environments through ‘genetic time travel’. Genetic time travel is 
when transformation leads to an evolutionary advantage then supplementing more eDNA 
will increase the genetic diversity by taking up old genes that were retained in the 
environment, the bacteria may revert to a past genotypic state that proves advantageous in 
the present or a future environment. The idea of evolution factor of transformation 
benefits of genetic turnover either eDNA provides nutrients or it increases genetic 
diversity through recombination (Engelstadter and Moradigaravand 2013). The free DNA 
in the medium becomes preserved as a mixture of old and new genes that are beneficial 
under different environmental conditions. The model tested that transforming bacteria are 
capable of importing DNA from a DNA pool, supplied by the population. They induced 
changing environments to demonstrate that transformation is selected for in most these 
environments and for a wide range of parameter values suggesting a novel evolutionary 
benefit for transformation. To investigate my question of if there is a fitness advantage 
for mutant bacteria that secrete more eDNA based on transformation my experiment 
should consist of two parts. The first is to run a selection experiment to create an artificial 
mutant that secretes more eDNA in concentration. This experiment theoretically works 
based on the mathematical model in DNA secretion and gene-level selection in bacteria 
(Turner and Draghi 2006). The second is to subject the artificial selected mutants to a 
new harsher environment based on the model in Adaptation through Genetic Time 
Travel? Fluctuating Selection Can Drive the Evolution of Bacterial Transformation 
(Engelstadter and Moradigaravand 2013). Their model suggests a novel evolutionary role 
for transformation: may enable bacteria to adapt faster to changing environments by 
 29 
taking advantage of the genes stored in the free DNA pool given that the total abundance 
of DNA molecules in the medium doesn’t affect transformation rate.  
 
Conclusion  
Section 5.1 Selfish Gene vs. Selection 
The evolution of eDNA secretion in Bacillus subtilis underlines the evolution 
argument of “The Selfish Gene” vs. “Survival of the fittest”. eDNA has been related to 
many functions and social behaviors like releasing free DNA for nutrients and 
components to be used and uptaken by another organisms for recombination, 
transformation, and Horizontal Gene Transfer (HGT). But why would organisms like B. 
subtilis actively secrete eDNA to donate goods to other species in their population? In 
more severe cases some bacteria self lyse and die in order to release their intracellular 
DNA. “The selfish Gene” is based on the principle that genes are the basic and 
fundamental unit of selection. Is it that organisms are programmed to sacrifice 
themselves for the better good of their community? In the “Naïve” group selection 
individuals could uncontrollably sacrifice themselves for the sake and survival of their 
offspring and community. This idea challenges Darwinism in that individuals could. 
Does a gene make an individual act selfishly or does the individual change genes in order 
to survival in populations? Natural selection and adaption questions the selfish gene. Our 
experiment focused and defined the DNA secretion trait as a gene that may not be 
actively controlled by the bacteria populations. Maybe the DNA secretion gene has been 
so embedded in their genome that it mutates phenotype and genotype to maintain its 
DNA secretion function. In my experiment Figure 12 & 11 there was drastic contrast 
between Ancestor and transfers 8 and 16. Before selection occurred, the ancestor bacteria 
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strain was able to have high readings of optical density in LB Broth while maintaining a 
large live cells form Figure 11 CFU/OD600. But for transfer 8 it had the average of 
highest eDNA/OD600 ratio but the low live cell count to absorbance from CFU/OD600 
shows that the bacteria have gone through a mutation that is worse for populations as 
compared to the ancestor. So by selecting for bacteria that secrete a lot of eDNA there is 
the downfall of making populations that survive less with population density. The 
conclusion that we can make is the gene affecting DNA secretion is also experiencing 
selection for fitness (Lorenz & Wackernagel, 1994).  
The goal of our study was to positively correlate that eDNA secretion is the result 
of an evolutionary advantageous behavior defended by (Turner & Draghi, 2006). The 
action eDNA secretion is a community based behavior in which DNA is beneficial and is 
shared. If Darwin’s theory of “survival of the fittest” is to be applied to eDNA secretion 
then cheaters would prevail and treat DNA as means of survival of the fittest. Cheaters or 
mutants that do not secrete eDNA but still uptake, secrete toxins and infectious agents 
instead of exchanging DNA would be more prevalent in populations over time. But these 
processes did not occur in our selection experiment for transfer 1-8 Figure 12 and instead 
eDNA is secrete more but then from transfer 9-16 it declined. So our results are 
inconclusive in that our selection experiment could be argued as promoting the  “the 
selfish gene” theory or Darwin’s survival of the fittest.  
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